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The aggregation  and s o l u b i l i z a t i o n  c h a r a c t e r i s t i c s  
o f  a s e r i e s  o f  quaternary ammonium s a l t s  were s tu d ie d  
in  the hope o f  determ ining more fa c t o r s  which would help  
d e v ise  a model fo r  ex p la in in g  the p r o p e r t ie s  o f  c o l lo id a l  
e l e c t r o l y t e  a g g re g a te s .  Both the len g th  o f  the hydro-  
phobic t a i l  and the s i z e  of the h y d ro p h ilic  head were 
v a r ied  in  the in v e s t ig a t io n .  S o l u b i l i z a t i o n ,  su rface  
te n s io n  and s p e c tr a l  s tu d ie s  were performed.
The c r i t i c a l  m ic e l le  co n ce n tra t io n  (cmc) was d e t e r ­
mined fo r  some d e c y l ,  dodecyl and tetradecylammonium  
bromides in  pure water by means o f  su r fa ce  te n s io n  
measurements. The cmc was determined fo r  the same 
substances in  the presence o f  benzene by means o f  a 
spectroph otom etrie  tech n iq u e.
Head s i z e  parameters were c a lc u la te d  from the su r ­
fa c e  ten s io n  d a ta . The l in e a r  r e la t io n s h ip  between the 
head s i z e  parameter and square o f  the number of carbon 
atoms in  the sh ort  a lk y l  s id e  chain  was v e r i f i e d .
A l in e a r  r e la t io n s h ip  between the In cmc determined in  
the presence o f  benzene and chain le n g th  o f  hydrophobic  
t a i l  was reconfirm ed.
S pectra  of benzene in  a v a r ie ty  o f  s o lv e n t s ,
in c lu d in g  numerous d eterg en t  s o lu t io n s ,  were determ ined. 
By su b tr a c t in g  the spectrum due to the benzene in  the  
aqueous phase , the spectrum o f  the m ic e l la r  benzene was 
o b ta in ed . I t  was concluded from the character o f  the  
sp ec tr a  th a t  the benzene was lo c a te d  in  the organic  
i n t e r io r  o f  the m ic e l l e .
The fo l lo w in g  model was proposed to  ex p la in  the  
r e s u l t s  o f th is  work and p rev iou s work in  t h i s  la b ­
o ra to ry . The aggregate I s  s p h e r ic a l ly  shaped and has 
a l iq u id  organic core that i s  surrounded by an o rg a n ic -  
w ater in t e r f a c e .  The water p en e tra te s  in to  the m ic e l le  
and surrounds the f i r s t  f i v e  to  s i x  methylene groups 
In the hydrophobic t a i l .  This p en e tr a t io n  reduces the  
e f f e c t i v e  s o l u b i l i z i n g  volume o f  the ag g reg a te .
M isce llan eous s tu d ie s  were done on the  
p a r t i t io n in g  o f  quaternary s a l t s  between water and 
benzene and on the a n a ly s is  o f  d etergent-benzen e  
s o lu t io n  by means o f  a r a d io is o to p e  tech n iq u e .
x
CHAPTER I
INTRODUCTION AND SURVEY OP THE LITERATURE
C o llo id a l  e l e c t r o l y t e s  e x h ib i t  p e c u l ia r  p r o p e r t ie s  
in  both  the bulk  of the  s o lu t io n  and the su r fa ce  phase .
A l l  th ese  su bstances have approxim ately the  same m olecu­
la r  d e s ig n , a large  lyophobic  p art  on one end and a 
l y o p h i l i c  part on the other end. In t h i s  d is c u s s io n ,  
the o n ly  so lv e n t  to be d iscu sse d  w i l l  be w ater , th e r e fo re  
the more s p e c i f i c  terms hydrophobic and h y d r o p h il ic  w i l l  
be u sed .
These substances form la r g e  thermodynamically  
s t a b le  aggregates c a l le d  m ic e l le s  which form over a narrow 
co n cen tra t io n  range known as the c r i t i c a l  m ic e l l e  con­
c e n tr a t io n  (cmc) and they e x i s t  a t co n cen tra t io n s  h igh er  
than the cmc. They are  a ls o  adsorbed in  the l i q u i d - a i r  
in t e r f a c e  w ith  a re d u ctio n  o f  the su r fa ce  t e n s io n .  Above 
the cmc, th ese  su bstan ces s o l u b i l i z e  water in s o lu b le
2
su b sta n c e s .
The fa c t o r s  th a t  c o n tr o l  th e  cmc, aggregate  s i z e ,  
and s o l u b i l i z i n g  power are not w e l l  determined and 
e v a lu a ted . Many kinds o f  experim ents, and t h e o r e t i c a l  
in v e s t ig a t io n s  have been conducted and many models have 
been su g g ested  in  attem pts to  b e t t e r  understand t h i s  
a ggregation  p r o c e s s .  The gross  s tr u c tu r e  o f  the aggre­
gate  c o n s i s t s  o f  a p r o t e c t iv e  h y d r o p h il ic  su r fa ce  la y e r  
around a hydrophobic co re . Further d is c u s s io n  o f  the  
s i z e  and shape and th e ir  r e la t io n  to the le n g th  o f  the  
hydrophobic t a i l  and s i z e  o f  the h y d r o p h ilic  head fo l lo w s ;  
f i r s t ,  however, a short d is c u s s io n  on water s tru c tu r e  
seems to be in  order.
A. Water S tructu re  and S o l u b i l i t y  of Organic M olecules
At one time i t  was thought th at  water did l i t t l e  
more than a c t  as a high d i e l e c t r i c  medium that reduced  
the fo r c e s  between io n ic  groups in  s o lu t io n .  Even a f t e r  
the s t r u c tu r a l  c h a r a c t e r i s t i c s  o f water were w e l l  known, 
many in v e s t ig a t o r s  s t i l l  con sidered  water to have a 
secondary e f f e c t  on aggregation  p r o c e s s e s .  Today, however 
the e f f e c t s  o f  water s tr u c tu r e  are being  introduced in to  
the ex p lan ation  of most aqueous thermodynamic, k i n e t i c ,  
m ech an ist ic  and s tr u c tu r a l  phenomena.
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W ater's unusual p ro p e r t ie s  maximum d en sity , a t  
lp°G, high b o i l in g  p o in t ,  volume change a t  fu s io n  have 
been the f o c a l  p o in t  o f  t h e o r e t i c a l  works over the l a s t  
h a l f  cen tu ry . The f i r s t  s t r u c tu r a l  model was that o f  
lon g  hydrogen bonded p o l y m e r s . L a t e r ,  Bernal and Fowler^  
p o s tu la te d  the broken down ic e  s tr u c tu r e  which assumes 
th a t  most o f  the hydrogen bonding in  the s o l i d  phase 
remains in  the l iq u id  s t a t e .  A daptations o f  t h i s  model 
have been p resen ted  by numerous in v e s t ig a t o r s  in  attem pts  
to  ex p la in  th e  p r o p e r t ie s  o f  w ater .
One o f  the more re ce n t  approaches by Nemethy and 
S c h e r a g a ^  u ses  a model s im ila r  to  one proposed by Frank 
and Wen.^»£ Water i s  p ic tu r ed  as being  composed o f  an 
eq u ilib r iu m  d i s t r ib u t io n  of sh ort  lived, c lu s te r s ,  which 
are h ig h ly  hydrogen bonded, and monomer m olecu les  that
^For a review  o f  e a r l i e r  t h e o r ie s ,  see  fo r  example, 
H. M. Chadwell, Chem. R evs. ,  IV (1 9 2 7 ),  375-
2 j .  D. Bernal and R. H. F ow ler , J . Chem. Phvs. ,
I  (1 9 3 3 ), £15- “
3g , Nemethy and H. A. Scheraga, J .  Chem. P h y s .,
x x x v i  ( 1 9 6 2 ) ,  3382 .  ~  -------  -------
*J-H. S . Frank and W. Y. Wen, D isc u ss io n s  Faraday 
S o o . ,  XXIV (1 9 5 7 ),  133. -------------------------------
^H. S . Frank, Proc. Royal Soc. (London), ACCXLVII. 
(1 9 5 8 ),  24-81. ---------- ----------
have a h igh  coord in ation  number. These c lu s t e r s  have  
h a l f  l i v e s  o f  the order o f  lO- ^  second.
D is s o lu t io n  of substances in  water and the mech­
anism by which water s tr u c tu r e  a id s  the s o l u b i l i t y  o f  
p a r a f f in  hydrocarbons are the r e a l  i n t e r e s t s .  A s o lu te  
p a r t i c l e  can e i t h e r  be d is s o lv e d  i n t e r s t i t u a l l y  or f i t  
in to  the water s t r u c tu r e .  Prank and Evans^ proposed that  
organ ic  m a te r ia l  was lo c a te d  in  the h o le s  in  the i c e ­
l i k e  s t r u c t u r e ,  and in  f a c t ,  proposed th a t  the p resen ce  
of the organic m olecu les  f a c i l i t a t e d  the form ation o f  an 
i c e  s tr u c tu r e  around th e  m olecu le . This s tr u c tu r in g  of  
the w ater in  the presence of the organic m olecule i s  
c a l l e d  the ''iceberg e f f e c t ."  T his reg ion  o f  water around
the organ ic  m olecule has a low enthalpy  and a low entropy.
7
Nemethy and Scheraga proposed a s im ila r  explanation. 
The energy l e v e l s  of the com p lete ly  hydrogen bonded water 
m o lecu le s  are lowered by the presence o f  the hydrocarbon. 
A l l  the other s p e c ie s  o f  water have h igher energy, th e r e ­
f o r e ,  the i c e - l i k e  sheath  i s  s t a b i l i z e d  in  the presence  
o f  the hydrocarbon.
^H. S . Frank and M. J. Evans, J . Chem. Phys. ,  X III  
(1911-5), 507. " -------  ------- -------
7
G-. Nemethy and H. A. Scheraga, Chem. P h ys .,  XXXVI 
( 1 9 6 2 ) ,  3I4.OI. -------  ------- --------
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The io n ic  and organic p o r t io n s  o f  the d e terg e n t  
m olecu les  w i l l  be con sid ered  to  in t e r a c t  w ith  the  water  
as two sep ara te  p a r t i c l e s .  The water surrounding the  
i o n ic  head is  con sid ered  to be s im i la r  to  th a t  around 
any s in g ly  charged c a t io n .  The water around the organ ic  
p o r t io n  i s  assumed to  have the iceberg  s t r u c tu r e .  I f  
the organic p ortion s are removed from the water and are  
p la ced  together  and i f  the io n ic  groups form a p r o t e c t iv e  
su r fa ce  la y e r ,  the entropy of the water should in c r e a se  
and the enthalpy should  in c r e a se ;  thus the d i s s o lu t io n  
i s  an e n tr o p ic a l ly  driven  r e a c t io n .
B. M ic e l l iz a t io n
M ic e l l i z a t io n  r e s u l t s  from the counterbalancing  
of two or more f o r c e s .  The f i r s t  sim ple ex p la n a tio n  was 
g iven  by D e b y e . g e  suggested  that the two opposing  
fo r c e s  were the van der Waals a t t r a c t iv e  fo r c e  o f  the 
hydrocarbon t a i l s  and the coulombic r e p u ls iv e  fo r c e  o f  
the io n ic  heads. An exp ress ion  fo r  the fr e e  energy o f  
the m ic e l l e  was d er ived  and then minimized to ob ta in  the  
most s ta b le  a g g reg a te . The f i n a l  exp ress ion  conta ined
8P. Debye, J . Phys. Chem. , L I I I , (1949 ), 1 .
9p. Debye, Ann. N. Y. Acad. S c i . ,  LI (19^ 9), 575 -
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parameters th a t  could be eva luated  w ith  the use of  
experim ental r e s u l t s .  These c a lc u la te d  parameters were 
c o n s is ta n t  w ith  r e s u l t s  from other experim ents; th u s ,  
D ebye's model gained co n sid era b le  support.
O oshika,-^  H o b b s , a n d  S h in o d a ^  m odified  t h i s  
techn ique by adding su rfa ce  e f f e c t s  and the entropy con­
t r ib u t io n  which Debye had n e g le c te d .
R eich l3  po in ted  out th a t  th ere  was a fundamental 
error  in  D ebye's work because Debye had minimized th e  f r e e  
energy o f  the  m ic e l le  in s te a d  of that of the s o lu t io n .  
A ls o ,  Reich extended the theory to  in clu d e n o n - io n ic  
d e ter g e n ts  and p o s tu la te d  th a t  the su rface  o f  the m ic e l l e  
must be covered w ith  the p o lar  heads of the s u r fa c ta n t  
m o le c u le s .  This co n c lu s io n  agrees n i c e ly  w ith  a model 
used by Tartar-^- to p r e d ic t  the m olecular w eigh ts  o f  
d e te r g e n ts .  This model and m o d if ic a t io n s  o f  i t  have been
10Y. Ooshika, J . C o l l . S c i . , IX (195k),  25k-
i :lM. E. Hobbs, J . P hys.. Chem, LV (1951), 675.
12K. Shinoda and K. K in o sh ita , B u l l ,  o f  Chem.
S o c . J a p .,  XXVII (19 5k) ,  73- ------------
331. R eich, J . Phys. Chem. , LX (1 9 5 6 ), 257.
^ H .  V. T artar , J. C o l l .  S c i . ,  XIV (1 9 5 9 ), 115.
used  by p rev iou s i n v e s t i g a t o r s ^ * 6 in  t h i s  la b o r a to r y .
Benson and Hoeve-*-? p resen ted  the f i r s t  s t a t i s t i c a l  
m echanica l approach in  which they  used the McMillan-Mayer 
th eory  o f  s o l u t i o n s .  In t h i s  p a r t ic u la r  tech n iq u e , th e  
s o lv e n t  i s  con sid ered  to  be s im i la r  to  the vacuum in  
im p e r fec t  gas c a l c u la t i o n .
1 ftU sing  H i l l ' s  theory  o f  p h y s ic a l  c l u s t e r s ,  Aranowx 
developed  a more g e n e r a l  t h e o r e t i c a l  treatm ent o f  m ic e l l e  
s t a t i s t i c s .  This more g en er a l  th e o ry  p ro v id es  a common 
fo u n d a tio n  fo r  the p rev io u s  approaches and r e v e a ls  the  
r e la t io n s h ip  between them. His approach summarizes the  
n atu re  o f  -che approxim ations th a t  are norm ally  u sed , and 
the ap propr ia te  in t e r a c t io n  terms n e c e s s a r y  fo r  improving  
th e  e x i s t i n g  t h e o r ie s  are d is p la y e d .
1 Q POR e c e n tly ,  Poland and Scheraga have p u b lish ed
15r . L. V enable, Ph. D. D i s s e r t a t i o n ,  L ou isiana  
S ta t e  U n iv e r s i t y ,  Baton Rouge, 19&3-
K. B r a sh ier ,  Ph. D. D i s s e r t a t i o n ,  L ou isiana  
S ta t e  U n iv e r s i ty ,  Baton Rouge, 1961)..
^ C .  A. Hoeve and G . C. Benson, J . Phys. Chem.,
LXI (1 9 5 7 ) ,  lli{-9. "
l 8R. H. Aranow, J . Phys. Chem., LXVII (1 9 6 3 ) ,  556.
19d. C. Poland and H. A. Scheraga, J .  Phys. Chem., 
LXIX (1 9 6 5 ) ,  2l|_31. -------
. C. Poland and H. A. Scheraga, J . C o l l .  and 
I n t e r . S c ie n c e ,  XXI (1 9 6 6 ) ,  273-283 . “
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two papers about the s t a t i s t i c a l  nature o f  both n o n -io n ic  
and io n ic  d e te r g e n ts .  Their work i s  by fa r  the most 
readab le  s t a t i s t i c a l  approach fo r  the person who i s  not  
adept in  s t a t i s t i c a l  m echanics. In t h e ir  works, they  
a ls o  used c lu s t e r  th eory  and considered  the so lv e n t  to  be 
a continuous d i e l e c t r i c  medium. They d iv id ed  th e  p a r t i t i o n  
fu n c t io n  f o r  the aggregate  in to  fo u r  p a rts  which are the  
e x te r n a l  ( t r a n s la t io n a l  and r o t a t i o n a l ) ,  the so lv e n t  
(hydrophobic b on d in g), the in te r n a l  (m o b il i ty  o f  hydro­
phobic t a i l s  in  aggregate) and the e l e c t r o s t a t i c  p o r t io n .  
They exp la in ed  the e f f e c t  o f  each part of the t o t a l  
p a r t i t i o n  fu n c t io n .  In c o n c lu s io n , they p o s tu la te d  th a t  
the change in  the hydration  sphere fo r  the p o lar  p art  o f  
the m ic e l le  should be in clu d ed  in  the treatm ent.
C. Shape
S p h e r e s ,2 1 ,2 2 ,2 3  la m e lla e ,2 l+ ,2 5 ,2 6 ,2 7  an(^
21G. S . H a r tle y , K o llo id -Z , LXXXVIII(1 9 3 9 ) ,2 2 .
22H. V. T artar , J . C o l l . S c i , XIV (1 959), 250.
2 3 r . J . V e t te r ,  J . Phys. and C o l l .  Chem. LI (19i|.7)»
2 6 2 .
2^J. W. McBain, C o llo id  S c ien ce  (Boston: H. C.
Heath and Co. ,  195 0 ) .
^ K .  Hess and J . Bundermann, J. Ber . ,  LXX{1937), 1800.
2 6 J. S ta u f f ,  K o llo id -Z  LXXXIX (1939) ,22^.,XCVI(19^2),  
21*4. ----------------------------
27w. D. Harkins and R. W.  Mattoon and M. L. C orrin ,  
J. Am. Chem. S o c . ,  LXVIII (191+6), 220.
p l a t e l e t s ^ ®  and r o d s ^  "have been p o s tu la te d  to  be p o s s ib le  
shapes fo r  the m ic e l le s  in  order to  ex p la in  the r e s u l t s  
o f  a m anifo ld  o f  experim ents such as x -r a y  d i f f r a c t i o n ,  
l i g h t  s c a t t e r in g ,  d i f f u s io n ,  e le c tr o p h o r e t ic  m o b i l i ty ,  
and f low  b ir e fr in g e n c e .
There i s  s t i l l  disagreem ent about the shape of  
m ic e l le s  . The m ajor ity  o f  in v e s t ig a t o r s  today would n ot  
argue a g a in s t  the use G f  s p h e r ic a l  m ic e l le s  as a model 
for  the aggregates in  d i lu t e  s o lu t io n s ,  however, most 
would agree th a t  larger n on sp h er ica l m ic e l le s  form in  
the more concentrated  s o lu t io n s .
D. C r i t i c a l  M ic e l le  Concentration
The m icella?  shape, s t a b i l i t y  and s i z e  have been 
considered,* n ex t ,  the' equ ilibrium  between th ose  aggregates  
and the  monomer in  s o lu t io n  w i l l  be d is c u s s e d .  The 
abrupt form ation o f  aggregates can be exp la in ed  by e i th e r  
the mass a c t io n  law-^*^" or a pseudophase s e p a r a t io n . 3 2
28g . A. Hoeve and G. C. Benson, l o c . c i t .
29p. Debye and E. E. Anacker, J . Phys. and C o llo id
Chem. , LV (1951), 61^. ”
3 0 j .  G rindley and C. R. Bury, J . Chem. Soc. CXXXI
(1 9 2 9 ), 679.
31d . G. D avies and C. R. Bury, J . Chem. S o c . ,
CXXXII (1 930), 2263. “  ------- -----
32e .  Hutchinson, e t .  a l . ,  Z physik  Chem. (Frank­
f u r t ) ,  V (1 9 5 5 ), 31*4- —  —  ----
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The abrupt changes In p r o p e r t ie s  such as su r ­
fa c e  t e n s io n ,  eq u iv a len t  conductance and s o l u b i l i z a t i o n  
o f  organ ics  are a l l  rem in iscen t  of th ose  in  phase 
se p a r a t io n s .  A t r a n s i t io n  o f  t h i s  character  can a l s o  be 
exp la in ed  by the a p p l ic a t io n  o f  the mass a c t io n  law to  
the eq u ilib r iu m  between the s in g le  s p e c ie s  and the 
m ic e l l e s  as long  as the aggregates  have la r g e  ag g re­
g a t io n  numbers. Both models have been used to exp la in  
experim ental d a ta , but the  con troversy  rem ains.
There i s  a ls o  disagreem ent concernirg the e x i s t ­
ence o f  a g g r e g a te s -^ ’ below the  cmc. In th is  la b o r a ­
to r y ,  no evidence that supports the e x i s t e n c e  o f  such  
a ggregates  has been found. I t  has been assumed that  
no m ic e l l i z a t i o n  occurs u n t i l  the cmc i s  r e a ch ed .
Numerous fa c to r s  c o n tr o l  the cmc. By fa r  the  
most e x t e n s iv e ly  s tu d ie d  fa c to r  i s  the e f f e c t  th a t  the 
le n g th  of the hydrophobic t a i l  has on the cmc. I t  has 
been found35 both ex p er im en ta lly  and t h e o r e t i c a l l y  that  
the logarithm  o f  the cmc i s  p ro p o r t io n a l to  the n e g a t iv e  
of the number o f  m ethylene groups in  the hydrophobic
3 3 j .  w. McBain, l o c . c i t .
3̂ J-P. Mukarjie, e t .  a l . ,  J . Phys. Chem., LXII,
(1958), 13 0̂ . —  —  -
35h. b . K levens, J . Phys. and C o llo id  Chem., LII 
(1914-2), 1 3 0 . “  . -----
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ch a in . R esu lts  obtained  in  t h i s  la b o r a to r y  by B rash ier  
and Venable reconfirm  the fo l lo w in g  eq u ation .
lo g  cmc = A -  Bm
in  whi ch
m i s  the number of carbon atoms in  
the hydrophobic chain and A and B 
are con stan ts  that are d isc u sse d  
b elow .
The con stan t B i s  d i r e c t l y  p rop ortiona l to  the change in  
f r e e  energy o f  tr a n s fe r r in g  a methylene group from water  
to the hydrocarbon c o r e . In S ch eragafs term in o logy , B 
i s  p ro p o r t io n a l to the f r e e  energy o f  form ation  of the 
hydrophobic bond. The. con stan t A depends upon the nature  
o f  the h y d r o p h il ic  o f the head. Another em pirica l  
r e la t io n s h ip  o f  the same form between the  lo g  cmc and 
th e  t o t a l  le n g th  o f  the d e terg en t  m olecule was p resen ted
by K le v e n s .^
B rash ier  a ls o  found an em p ir ica l r e la t io n s h ip  
s im i la r  to  the one above, but the lo g  cmc was r e la t e d  
to  the t o t a l  number of methylene groups in  the hydro­
p h i l i c  head when the t a i l  length  was c o n s ta n t .
S tu d ie s  o f  the e f f e c t s  on the cmc due to  s t r u c tu r a l  
c h a r a c t e r i s t i c s  o f the d eterg en t  m olecule have been
H. B. K leven s, J . Am. O il Chemists' S o c . ,  XXX
( 1 9 5 3 ) 7 6 .  ~  --- --------------------------------- ----------
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conducted. The cmc in c r e a se s  as the number o f  p o la r  
groups i s  in c r e a s e d .^7 GItlc in c r e a s e s  as the io n ic
head i s  moved from the term inal p o s i t io n  toward the  
middle o f  the hydrophobic c h a i n . B r a s h i e r  and Venable  
found th a t  the cmc decreased  as th e  head s i z e  was 
in c r e a se d .
The cmc i s  a ls o  a f fe c t e d  by both organ ic  and
io n ic  a d d it io n s .  The cmc d ecrea ses  with a d d it io n  of  
39 Jj_0s a l t .  As the r e s u l t  o f  experim ents, the fo l lo w in g
em p ir ica l r e la t io n s h ip  has been found.
In cmc = Kg In + c o n s t .
in  which K i s  an experim ental con stan t and C- i s  the  S ■*-
co n cen tra tio n  of the g eg en io n s . A s im ila r  equation  was 
derived  by Hobbs
I t  has a ls o  been found th a t  the cmc d ecreases
■^K. Shinoda, J . P hys. Chem., LX (1 9 5 6 ), lij-39. 
c .  Evans, J . Chem. S o c . , CLKII (1956), 579 .
39M. L. Corrin and W. D. Harkins, J . Am. Chem. 
S o c . ,  LXIX (191J-7), 679.  “  -------
^°E. Hutchinson and L. Winslow, Z physik  Chem. 
(F ran k fu rt) , 11 (1957), 165*
^H obbs, lo c .  c i t .
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in  th e  presen ce  of long chain a l c o h o l s , ^  p a r a f f in  
hydrocarbons and arom atic h y d r o c a r b o n s .^  S im ila r  
r e la t io n s h ip s  between the logar ith m  of cmc and the t o t a l  
number of carbons in  the hydrophobic chain have been 
p resen ted .
E. Surface Tension
The su r fa c e  fr e e  energy or su r fa ce  te n s io n  o f  water  
i s  one o f  the p h y s ic a l  p r o p e r t ie s  th a t  i s  most a f fe c t e d  
by th e  a d d it io n  o f  d e terg en ts  to  w a ter . These su bstan ces  
are s tr o n g ly  adsorbed in  the a i r - l i q u i d  in t e r f a c e  or 
organic-aqueous in t e r f a c e .  In t h i s  d isc u ss io n *  on ly  
the a i r ( i n e r t  g a s ) - l iq u id  in t e r f a c e  w i l l  be con sid ered .
A ll  the  fo l lo w in g  sta tem ents could a ls o  be a p p lie d  w ith  
few changes to  organic-aqueous in t e r f a c e s .
The "surface p h a se" w ill  be con sidered  to be a 
sep a r a te  phase in  eq u ilib r iu m  w ith  the bulk phase . The 
d eterg en t  m olecules in  s o lu t io n  are d is t r ib u t e d  between 
th ese  two p h a ses . S ince  the m olecu lar su rfa ce  energy  
can be reduced by the ex p lu s io n  o f  the hydrophobic t a i l  
in to  the gas phase , the con cen tra t io n  o f  the d etergen t
Shinoda, J . Phys. Chem., LVIII (195 k )  > 1136.
^ E .  H utchinson, A. Inaba and L. G. B ar ley ,
Z p h ysik  Chem. (F ran k fu rt) , V (1955)> 3iplp.
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m olecu les  in  the  su rface  phase i s  much g rea te r  than th a t  
in  the  h u lk .
Thermodynamic ex p ress io n s  that r e la t e  su r fa ce  
te n s io n  and h u lk  a c t i v i t i e s  can be d e r iv e d . Compre­
h e n s iv e  d is c u s s io n s  of su r fa ce  thermodynamics are g iven  
by Guggenheim44 and Adams For more s p e c i f i c  d i s ­
cu ss io n s  o f  the adsorption  o f  d e te r g e n ts  in  in t e r f a c e s ,
bo<
47
the reader i s  r e fe r r e d  to oks by J . L. M o i l l e t ^
e t .  a l . ,  and L. I .  Osipow.
The fo l lo w in g  d i f f e r e n t i a l  equation  has been  
derived, by Gibbs w ith  the a id  o f  thermodynamic p r in c ip le s
d r  .= -2RT JZ 
3In a2 2
in  which r' = su r fa c e  te n s io n
= a c t i v i t y  o f  d e terg en t  in  bulk  
phase
, = su r fa ce  e x c e ss  of d e terg en t
m olecu le
44g. A. Guggenheim, Thermodynamics (3rd e d . ,  New
York: I n te r s c ie n c e  Pub., 1 9 5 7 ) ,  35-4-5, 215-226.
K. Adams, The P hysics  and Chemistry o f  
S u rfaces  (3rd e d . ,  London: Oxford U n iv e r s ity  P r e s s ,  1948)
46J. L. M o i l l e t ,  B. C o l l i e  and W. Black, Surface  
A c t iv i t y  (2nd e d . ,  London: E. and P. N. Spon. L td , 1961),  
61|.-131.
^ L .  I .  Osipow, Surface Chemistry (London: Chap­
man & H a ll ,  L td . ,  1962)", 163-22]T
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The above equation  i s  a p p lica b le  to  io n ic  d e terg en t  
s o lu t io n s  th a t  con ta in  no extraneous s a l t .  The su rfa ce  
e x c e ss  p o s s ib ly  needs ex p la n a tio n . JT̂  i s  the excess  
number of moles o f component i  in  a p o rt io n  o f  the l iq u id  
co n ta in in g  u n it  area of su rface  compared to  a p o rt io n  in  
the bulk which con ta in s  e x a c t ly  the  same number of m ole­
c u le s  o f  s o lv e n t .  In other words, the su rfa ce  ex cess  o f  
the s o lv e n t  equals zero . The r e c ip r o c a l  o f  the surface  
ex c ess  i s  in te r p r e te d  to  be a s i z e  parameter.
Due to  the rap id  change in  su rfa ce  te n s io n  w ith  
change in  d etergen t con cen tra tion  below the cmc and the 
s l i g h t  or i n s i g n i f i c a n t  change above the cmc, su rface  
t e n s io n  measurements have been e x t e n s iv e ly  used to 
determ ine the cmc. I f  the su rface  te n s io n  o f  the s o lu ­
t io n  i s  p lo t t e d  versus the logarithm  o f  con cen tra tion  
(an approximation o f  a c t i v i t y )  o f  the d e te r g e n t ,  a head 
s i z e  parameter can a ls o  be obtained a lon g  w ith  the cmc. 
The r e c ip r o c a l  o f  JH, i s  in te r p r e te d  to  be a measure 
of the head s i z e .
There are numerous methods fo r  determ ining the 
s u r f a c e . ten s io n  - Wilhelmy p la t e ,  drop w e ig h t ,  r in g ,  
s t a t i c  drop, o s c i l l a t i n g  j e t ,  c a p i l l a r y  r i s e  and maxi­
mum bubble p ressu r e . In t h i s  la b o r a to ry ,  the r in g  
method has been u sed . A l l  p e r t in e n t  in form ation  concern­
in g  th is  technique w i l l  be covered in  the experim ental
16
s e c t io n .
P . S o lu b i l i z a t io n
S o lu b i l i z a t io n  i s  the process  by which in s o lu b le  
m a te r ia l  i s  brought in to  s o lu t io n  by the a c t io n  o f  a 
s u r fa c ta n t .  This i s  not to  be confused w ith  in creased  
s o l u b i l i t y  o f  in s o lu b le  m a te r ia ls  by gross changes in  
the so lv e n t  media. The s o l u b i l i t y  o f  the in s o lu b le  
m a te r ia ls  i s  not g r e a t ly  changed u n t i l  the d etergen t  
c o n ce n tra t io n  exceeds the cmc. The s o lu b i l i z a t e  is  
supposedly  incorporated  in  the m ic e l l e .
During the l a s t  f i f t y  years numerous s tu d ie s  
have been conducted on a v a r ie t y  o f  d e terg en ts  and 
s o l u b i l i z a t e s . Both the nature of the d e terg e n t  and 
that o f the s o l u b i l i z a t e  have been s tu d ied  in  order 
to  determ ine th e ir  e f f e c t s  on the s o l u b i l i z a t i o n  p r o c e s s .  
E x c e l le n t  review s coverin g  a l l  t h i s  work have been g iven  
by McBain and Hut chins on K le v e n s^  and H arris ."^
In t h i s  d is c u s s io n ,  the term s o lu b i l i z in g  power
^ M . E. L. McBain and P. Hutchinson, S o lu b i l i z a t io n  
and R elated  Phenomena (Hew York: Academic P re ss ,  I n c . ,
T 355) ,  1-114.3”
^ H. B. E lev en s , Chem. R ev ., XLVIII (1 9 5 0 ) ,  1 -6 8 .
^ J .  C. H a r r is ,  J . Am. O il Chemists S o c . ,  XXXV 
(1 9 5 8 ),  2+28- -  ----- ---------------------- ------------
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w i l l  be u sed . S o lu b i l i z in g  power i s  d e f in e d  as the  
r a t io  of the number of moles o f  s o l u b i l i z a t e  in  the  
m ic e l le  to  the number o f  moles of d e terg e n t  in  m ic e l la r  
form.
I t  has been p o s tu la te d  that the s o l u b i l i z a t e  can 
be lo c a te d  in  the in t e r io r  of the m i c e l l e ,  in s id e  but 
near the h y d ro p h ilic  heads, and a lso  in  the aqueous- 
m ic e l la r  in t e r f a c e .  Nonpolar organic m olecu les  are some­
tim es lo c a te d  in  the i n t e r io r  of the m ic e l l e ;  x -ray  
s t u d ie s  dem onstrate the expansion o f  th e  m ic e l l e s  th a t  
occurs when s o l u b i l i z a t i o n  takes p la ce  in  con cen trated  
s o l u t i o n s . ^  A bsorption sp ec tr a  can be in te r p r e te d  to  
support an in t e r io r  lo c a t io n  o f  nonpolar s o l i b i l i z a t e s .
The s o l u b i l i z i n g  power in c r e a se s  as  th e  hydro-
qp qp qii
phobic chain  len g th  in c r e a s e s .  * The amount o f
s o lu b i l i z e d  m a te r ia l depends a lso  on the m olecular  
ch aracter  o f  the s o l u b i l i z a t e .  The s i z e ^  p o l a r i z a b i l i t y ^
£ lw . D. Harkins, R. W. Mattoon and M. L. C orrin,
£ •  C o l l - S c i . ,  I  ( I 9I4.6 ) , 105.
*2W. D. H arkins, e t .  a l . ,  J.  Phys. and C o l l .  Chem., 
L III  (19^.9), 1350. —  —  -  ------------------------ ----------
£3ven ab le , l o c . c i t .
^ B r a s h ie r ,  lo c  . c i t .
-^G. S ta in sb y  andA.E. A lexander, Trans. Faraday 
S o c . ,  XLVI (1 9 5 0 ), 587. --------  -----------
£ 6Ib id .
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and p o la r  c h a r a c te r ^  o f  the s o l u b i l i z a t e  in f lu e n c e  
the amount that i s  incorporated  in  the m ic e l la r  phase.
The type o f  h y d r o p h il ic  head and gegenion  a ls o  in f lu e n c e  
the s o l u b i l i z i n g  power.
Brashier^® and V en a b le^  showed th a t  the s o lu ­
b i l i z i n g  power of a s e r i e s  o f  quaternary ammonium bromides 
that has the same chain le n g th  but d i f f e r e n t  head s i z e s  
was co n s ta n t .  These r e s u l t s  in d ic a t e  th a t  the s o lu ­
b i l i z i n g  power does n o t  depend on the head s i z e  o f  the 
h y d r o p h ilic  head.
The s o l u b i l i z i n g  power in c r e a s e s  g r e a t ly  as the  
extraneous s a l t  co n cen tra tio n  i s  in c r e a se d .  This i s  one 
of the most d i f f i c u l t  ob serv a tio n s  to  e x p la in .
Numerous models have been p o s tu la te d  in  attem pts  
to c o r r e la te  the la r g e  amount of experim ental data  on 
s o l u b i l i z a t i o n .  These shapes correspond to  the ones 
mentioned p r e v io u s ly .  Most of the p ub lish ed  m a ter ia l  
has been based on x -ra y  d i f f r a c t i o n  data^0 which in d ic a te s  
the m ic e l l e  s w e l ls  as nonpolar organic m a ter ia l  i s  s o lu ­
b i l i z e d .  Other data fo r  p o lar  organ ics  can be in terp reted
97J. W. McBain, F r o n t ie r s  in  C hem istry, ftfol. 8 ,
New York: I n te r s c ie n c e  P u b lis h e r s ,  19^0).
en a b le , lo c  . c i t .
-^ B ra sh ier , l o c . c i t .
^ H a r k in s ,  Mattoon and C orrin , l o c . c i t .
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in  a manner that su g g es ts  an opening of the m ic e l le  
around the head and in d ic a te s  th a t  the m a te r ia ls  are  
s o lu b i l i z e d  between the d etergen t m o lecu les  near the  
su r fa ce  o f  the m ic e l l e .^ 1
G. P o s i t io n  o f  the S o lu b i l i z a t e  in  the M ic e l le
In the previous s e c t io n  on s o l u b i l i z a t i o n  i t  was 
s t a t e d  th a t  nonpolar organic m olecu les  were lo c a te d  in  
the in t e r io r  of the m ic e l l e ,  that polar m a te r ia ls  are  
lo c a te d  near the p o lar  heads and th a t  la r g e  dye m olecu les  
are adsorbed a t  the m ice llar-aq u eou s  i n t e r f a c e .  S in ce  
the ab sorption  spectrum of  substan ces depends upon the  
s o lv e n t  medium in  which the absorbing p a r t i c l e  i s  lo c a te d ,  
the environment of the s o lu b i l i z e d  m olecu les  can be 
determ ined; th e r e fo r e ,  the lo c a t io n  in  the m ic e l l e  should  
become apparent.
Thorough c h a r a c te r iz a t io n  o f  the in t e r a c t io n s
between the absorbing p a r t i c l e  and the medium has been
A? 6 Bp resen ted  by B a y l i s s 0  ̂ and McRae. J These in t e r a c t io n s ,
6 l I b i d .
62b . s . B a y l is s  and L. Hulme, A ust. J . of Chem.,
VI (1 9 5 3 ), 257. ------- ----------- -----
63E. S . McRae, J . Phy. Chem., LXI (1 9 5 7 ) ,  562-572.
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which cause s h i f t s  in  the spectrum, can be r e la t e d  to  
the index  o f  r e f r a c t io n ,  the dipole-moment and the  
ab sorp tion  spectrum of th e  so lv e n t  system . A gen era l  
r u le  a p p lica b le  to  the system th a t  was s tu d ie d  i s  th a t  
'Tf— benzoi d t r a n s i t io n s  are s h i f t e d  more to  the  
red in  polar so lv e n ts  than in  nonpolar s o lv e n t s .  This  
r u le  i s  fo llo w ed  as lon g  as the s o lv e n t  system  has an 
amorphous l iq u id  s t r u c tu r e .  S in c e  water has a h ig h ly  
c r y s t a l l i n e  s tr u c tu r e ,  e s p e c ia l l y  around organic  
m o le c u le s ,  i t  i s  not su r p r is in g  to  f in d  that the ru le  
i s  not a p p l ic a b le .
S p e c tr a l  s tu d ie s  have been done on a few systems  
in  an e f f o r t  to  a s c e r ta in  th e ir  p o s i t io n  in  the m ic e l l e .  
E th y lb e n z e n e ^  was the only sm all organ ic  m olecule used  
as a s o l u b i l i z a t e  in  such s t u d ie s .  The observed s h i f t s  
su ggested  th at  i t  was p o s it io n e d  in  the i n t e r i o r .  The 
naphthalene spectrum in d ica ted  th a t  naphthalene i s  
lo c a te d  between the heads and i s  p o s i t io n e d  so th a t  the 
long  a x is  runs approxim ately p a r a l l e l  to  th e  su rfa ce  and 
the sh ort a x is  i s  perpendicu lar to  the s u r fa c e .
^ •S . Riegelman, N. A. A lla w a la , M. K. Hrenoff  
and L. A. S t r a i t ,  J . C o llo id  S c i . ,  X III (1 9 5 8 ), 208.
CHAPTER II
MATERIALS AND EXPERIMENTAL METHODS
A . Preparation  and P u r i f i c a t io n  o f  M ater ia ls
A l l  the quaternary s a l t s  were prepared by a method
1
s im ila r  to th a t  d escr ib ed  by Tartar and S c o t t .  The 
a lk y l  h a l id e s  (Eastman) were analyzed w ith  a gas 
chromatograph and found to be pure. The tr ia lk y la m in es  
were vacuum d i s t i l l e d  In order to  ob ta in  pure m a te r ia l .
When the m a ter ia ls  were mixed, a t h ir ty - t h r e e  
p ercen t  ex cess  of amine was used in  e i t h e r  e th y l  or 
m ethyl a lc o h o l as s o lv e n t .  The m ixtures were re f lu x e d  
th r ee  days to  a week. The a lc o h o l was then removed by 
d i s t i l l a t i o n  and eth er  was added to the m ixture . In 
some cases  a w hite  p r e c ip i t a t e  formed and in  o th ers  a 
v is c o u s  o i l  sep ara ted .
■kA. B. S c o t t  and H. V. T artar , J .  Am. Chem. S o c . ,  
LXV (19l{.3), 692. *“ ~  -----
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The p u r i f i c a t io n  o f  the tr im eth y l and t r i e t h y l  
s a l t s  c o n s is te d  o f  repeated  r e c r y s t a l l i z a t i o n s  from 
a lc o h o l  by the a d d it io n  o f  e th er  in  a manner s im ila r  to  
th a t  used p r e v io u s ly  in  t h i s  la b o r a to r y .  This tech n iq u e ,  
however, was n o t  a t  a l l  s a t i s f a c t o r y  fo r  the tr ip r o p y l  
and t r ib u t y l  s a l t s .
Many so lv e n t  systems and e x tr a c t io n  tech n iqu es  
were used to  p u r ify  the compounds. R e c r y s t a l l i z a t io n s  
were done from room temperature to D r y - lc e  acetone bath  
tem peratures. The work a t  low tem peratures was done in  
a dry  box and a l l  the work on the t r ip r o p y l  and t r ib u t y l  
s a l t s  was a ls o  performed in  a c o n tr o l le d  atmosphere.
The s o lv e n t  systems used were m ethyl, e t h y l  and i s o -  
propyl a lc o h o l ,  a lc o h o l - e t h e r , d ioxane, e th y l  a c e ta t e ,  
a lco h o l-h ex a n e  and ch lo r o fo r m -e th e r . A fter  f i l t r a t i o n ,  
the m a te r ia ls  were d r ied  a t  80°C under h igh  vacuum.
The m a te r ia ls  were a ls o  d is s o lv e d  in  water and 
ex tr a c te d  w ith  cycloh exane. The mixture was separated  
and the water was evaporated under vacuum in  a ro ta ry  
d r ie r .  A c a t io n ic  exchange column in  the  hydrogen form 
was used to  p u r ify  the m a te r ia l;  however, once the 
quaternary s a l t  was absorbed on a s i t e ,  i t  could  not be 
removed by e lu t in g  w ith  0 .5  N HBr.
Some m a te r ia ls  th a t  were f i n a l l y  used gave a
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s l i g h t  minimum in  t h e ir  su rface  te n s io n  curves; thus  
s l i g h t  im p u r it ie s  were in d ic a te d .  This would a f f e c t  the  
su rfa ce  area and cmc v a lu e s ,  but the im p u r it ie s  should  
have l i t t l e  e f f e c t  on the s o l u b i l i z a t i o n  work.
The benzene and bromobenzene used fo r  a l l  the  
s o l u b i l i z a t i o n  work were reagent grade m a ter ia ls .  A l l  
the s o lv e n t s  used in  the s p e c tr a l  s tu d ie s  were c l a s s i f i e d  
as sp ec tr o g ra d e . The water was t r i p l y  d i s t i l l e d .
B. S urface  Tension Measurements
The su rface  te n s io n  measurements were made w ith
a r in g  type ten siom eter  that has a C h rist ian  Becker
chainom atic balance f o r  determ ining the w eight n ecessa r y
to  detach the r in g  from the su rfa ce  o f  the s o lu t io n .
This w eight was r e la t e d  to the su r fa c e  te n s io n  by the
2 Sfo l lo w in g  equation
/  = Mg . F
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i n  w h i c h  V" i s  s u r f a c e  t e n s i o n  i n  d y n e s  p e r  c e n t i m e t e r ;
w. D. H arkins, T .'P . Young and L. H. Cheng, 
S c ie n c e , LXIV (1 9 2 6 ), 33-
% . D.  Harkins and H. F. Jordan, J . Am. Chem. 
S o c . ,  L II (1 9 3 0 ), 1751. " ”  --
R i s  th e mean rad ius o f th e r in g ; M i s  the maximum 
w eigh t o f the l iq u id ;  P i s  a c o r r e c t io n  fa c to r  fo r  
c o r r e c t in g  fo r  th e shape o f  the l iq u id  h e ld  up by the  
r in g  and g i s  the a c c e le r a t io n  due to g r a v ity .
The maximum fo rce  downward on th e  r in g  i s  equal 
to  the w eigh t added to  the beam; th e r e fo r e , th e  su rfa ce  
te n s io n  i s  d ir e c t ly  p ro p o rtio n a l to  the w eigh t added.
There are some other very  sm all c o r r e c t io n s  th a t  
are  su ggested  by Harkins and Jordan;^" however, th ey  are 
not n ec e ssa r y  in  t h i s  c a s e .  The same r in g  i s  used fo r  
a l l  measurements; con seq u en tly , the fo l lo w in g  sim ple  
ex p re ss io n
V" = kM
can be used to determine the su rfa ce  t e n s io n .  The value  
o f  k i s  obtained  by s tan d ard iz in g  w ith  the t r i p l y  d i s t i l ­
le d  water surface  te n s io n  of which i s  known a c c u r a te ly .
The s o lu t io n  was p laced  in  a g la s s  water bath through 
which 30°C water was pumped. Twenty m i l l i l i t e r s  of  
t r i p l y  d i s t i l l e d  water was p laced  in  the bath and allow ed  
to  come to eq u ilib r iu m . Then measured amounts of detergent  
s o lu t io n  were added to the s o lu t io n .  The s o lu t io n  was 
s t i r r e d  by a motor d riven  paddle w h ee l.  The s o lu t io n  was
^ Ib id .
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r a ise d  to  wet the r in g  and then low ered. At t h i s  p o in t ,  
w eight was added to the o p p o s ite  s id e  of the  beam to  
keep i t  h o r iz o n ta l .  The s o lu t io n  was lowered and w eight  
was added s im u lta n eo u sly  u n t i l  the r in g  was detached . 
Great care was taken to e l im in a te  both th e  v e r t i c a l  and 
the h o r iz o n ta l  motion o f  the r in g .
The va lu e of in d iv id u a l  p o in ts  v a r ied  s l i g h t l y  
with time and a ls o  s l i g h t  minima were obta ined  fo r  some 
of the d e te r g e n ts .  Both o f  th e se  v a r ia t io n s  are u s u a l ly  
the r e s u l t  of sm all im p u r i t ie s .
C. Absorbancy Measurements
The fo l lo w in g  experim ental procedure was used  
both f o r  d eterm in in ation  of the cmc in  the p resence of  
s o lu b i l i z e d  m a te r ia l  and in  the d eterm ination  o f  the  
s o lu b i l i z in g  power of the d e te r g e n ts .  The d etergen t  
stock  s o lu t io n s  were prepared by w eighing the d e terg en ts  
on a M ett ler  balance and d i s s o lv in g  them in  a vo lu m etr ic  
f la s k .  The other s o lu t io n s  were prepared by p la c in g  
a l iq u o ts  o f  the standard s o lu t io n  in  a vo lu m etr ic  f la s k  
and d i l u t i n g  to the mark.
Ten to f i f t e e n  m i l l i l i t e r s  o f  th e d eterg en t s o lu ­
t io n s  were p laced  in  ampules to which approxim ately  
0 .2  m l. o f benzene was added. The ampules were sea led
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and then were shaken p e r io d ic a l ly  by hand.
P r e v io u s ly  the  s o lu t io n s  had been shaken w ith  a 
w r is t  a c t io n  shaker; however, in  many ca ses  q u ite  s t a b le  
su sp en sion s  formed and would not break f o r  weeks or 
more. To prevent th e se  emulsions from form ing, the  
samples were shaken u n t i l  a f in e  d is p e r s io n  o f  benzene 
appeared in  the m ixture , then they  were p laced  in  a rack  
to  sep a r a te ;  in  t h i s  manner no lon g  l i v e d  em ulsions  
formed. The s o l u b i l i z a t i o n  r e s u l t  f o r  t e t r a d e c y l t r im e th y l-  
ammonium bromide checked c l o s e l y  w ith  th at  obtained  by the  
procedure that in v o lv ed  more r igorou s shaking; thus 
atta in m ent of e q u i l ib r a t io n  was assumed.
The ampules were changed s l i g h t l y  to f a c i l i t a t e  
removal o f  the s o lu t io n  w ith  l e s s  d is tu r b a n ce .  P r e v io u s ly  
the bottom e x i t  tube was p u lled  down to  an ou ter  d iam eter  
of approxim ately 2 mm. and the top tube was 7-8  mm. 
tu b in g . When the upper tube was broken, fr e q u e n tly  the  
sudden j o l t  d isturb ed  the benzene la y e r  on the top and 
caused a sm all d isp e r s io n  o f  d r o p le ts  to  be mixed in  
s o lu t io n .  This made i t  im possib le  to  u se  the sample 
u n t i l  the d ro p le ts  ro se  to the top o f  the s o lu t io n .  For 
t h i s  work both the top and bottom were p u lle d  down to a 
sm aller  diameter o f  1 mm. These f r a g i l e  e x ten s io n s  could  
be broken q u ite  e a s i l y  w ithout d is tu r b in g  the s o lu t io n .
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A fter  three  or more days o f  p e r io d ic  shaking, 
the s o lu t io n s  were tr a n s fe r r e d  d i r e c t l y  to  absorbancy  
c e l l s .  By breaking the top tube of the ampule and then  
breaking the bottom tube,, th e  s o lu t io n  could be drained  
d i r e c t l y  in to  the c e l l  w ith  no l o s s  o f  benzene. The 
absorbance of th ese  samples was recorded w ith  the Cary 
15 spectrophotom eter. In order to can ce l the absorbance  
o f  the benzene th a t  was d is s o lv e d  in  th e  aqueous phase, 
a water re feren ce  sa tu ra ted  w ith  benzene was u sed . The 
benzene spectrum from 2650 j? to 2300 j? was recorded in  
order th a t  the s p e c tr a l  s h i f t s ,  th e  absorbancy and the  
gen era l character o f  the sp ec tr a  could be observed.
These r e s u l t s  w i l l  be d isc u sse d  s e p a r a te ly  under d i f f e r e n t  
head ings . In t h is  s e c t io n  on ly  the experim ental  
technique w i l l  be covered.
F i r s t  and forem ost i t  had to  be determined whether 
the sa tu rated  benzene s o lu t io n  does or does not su b tra c t  
out the e f f e c t  o f the aqueous benzene in  the s u r fa c ta n t  
s o lu t io n .  In the con centrated  d eterg en t  s o lu t io n s  the  
con cen tration  of the m ic e l la r  benzene i s  much g rea ter  
than th a t  of the aqueous benzene so sm all errors in  
su b tra c t io n  are not n o t ic e a b le ;  however, in  the more 
d i lu t e  s o lu t io n s  the com plete su b tr a c t io n  i s  q u ite  ■ 
important s in c e  the aqueous benzene co n cen tra tio n  i s
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approxim ately  that o f  the m ic e l la r  benzene. For many 
of the d e ter g e n ts  one or more benzene d e te r g e n t  s o l u ­
t io n s  were run at co n cen tra tio n s  below th e  cmc. A 
s t r a ig h t  base l i n e  was obtained , and thus equal benzene  
c o n cen tra t io n  in  both c e l l s  was in d ic a te d .  In a d d it io n ,  
when d e terg e n t  s o lu t io n s  b a r e ly  more con centrated  than 
the cmc were an alyzed , the wave le n g th  o f  the peak o f  
maximum absorption  was approxim ately 2Skl which i s  
approxim ately  th a t  o f  benzene in  hydrocarbon, and th e  peak 
to  v a l l e y  r a t io  was approxim ately equal to  that fo r  
a l l  the h igher c o n c e n tr a t io n s .  Both th e se  r e s u l t s  
in d ic a te  that there was complete su b tr a c t io n  o f  the aque­
ous benzene from the s o lu t io n  co n ta in in g  benzene In the  
m ic e l le  and in  the aqueous media. More d is c u s s io n  
concerning the f ix e d  absorption  maximum and the peak  
to  v a l l e y  r a t io  w i l l  f o l lo w .
I f  an ab sorp tion  spectrum i s  a combination o f  
two superimposed sp e c tr a ,  one can record  e i t h e r  o f  the 
sp e c tr a  independently  byusing a r e fe r e n c e  s o lu t io n  
c o n ta in in g  the other absorbing substance  a t  the proper 
c o n ce n tra t io n . I f  the absorption  peaks o f  the two 
su bstan ces  are lo c a te d  a t  d i f f e r e n t  wave le n g th s ,  the  
d i f f e r e n t i a l  spectrum w i l l  be n o t ic e a b ly  d i f f e r e n t  from 
the p a ren t .  The ab sorption  spectrum o f  th e  benzene 
in  water i s  s h i f t e d  w ith  r e sp e c t  to  that in  the m ic e l l e
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so that the  peaks o f  aqueous benzene correspond to  the  
v a l l e y s  o f  the m ic e l la r  benzene. One can t e l l  by in s p e c ­
t io n  i f  com plete su b tra c t io n  has occurred because \the  
wave le n g th  o f  the maximum w ilj . be s h i f t e d  as the r a t io  
of the two absorbing s p e c ie  i s  changed. One can a ls o  
check complete su b tr a c t io n  by c a lc u la t in g  the peak to 
v a l l e y  r a t i o  fo r  the spectrum and t h i s  should be a con­
s ta n t  fo r  a p a r t ic u la r  d eterg en t  fo r  a l l  c o n c e n tr a t io n s .
In t h i s  work fa r  u. v .  Sargent c e l l s  were u sed .
The path le n g th s  v a r ied  from 0 .1  mm. to  5 rara. The s l i t  
w idth  was 0 .0 1  mm.. The gain  was s e t  a t  2 . Base l i n e s  
were obtained  fo r  a l l  c e l l s  and the appropriate  corrections  
were a p p lie d .  In no ca se  were the c o r r e c t io n s  g r e a te r  
than O.OOij. absorbancy u n i t s .
The above procedure was used fo r  the s o lu t io n s  
th a t  conta ined  e i th e r  the benzene or the  bromobenzene.
The bromobenzene p resen ted  one d i f f i c u l t y  because i t  i s  
more dense than water and th e r e fo r e  the ex c ess  bromo­
benzene s e t t l e d  to the bottom o f  the ampule. The f i r s t  
p o r t io n  o f  th e se  samples was d isca rd ed  because the excess  
bromobenzene drained out f i r s t ;  then the upper water  
la y e r  was in troduced  in to  the c e l l  and th e  spectrum was 
determ ined.
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D. C r i t i c a l  M ice l le  Concentration w ith  S o lu b i l i z a t e  
Presen t
In th e  previous s e c t io n ,  th e  general experim ental  
handling  of the detergent-benzen e s o lu t io n s  was d isc u sse d .  
In t h i s  s e c t io n  only  the procedure f o r  determ ining the  
cmc from the absorbancy d a ta  w i l l  be covered.
The absorbancy of th e  m ic e l la r  benzene a t  a 
p a r t ic u la r  wave length  i s  p lo t t e d  a g a in s t  th e  d eterg en t  
co n ce n tr a t io n . The in te r s e c t io n  o f  the curve drawn 
through th e se  p o in ts  w ith  the a b s c is s a  w i l l  be the cmc 
because benzene has no ab sorption  a t  th is  wave length  
when no m ic e l l e s  are p r e s e n t .
E. S o lu b i l i z a t io n
Incrder to determine the amount o f  m ic e l la r  benzene 
in  the detergent-benzene s o lu t io n s ,  the w e l l  known Beer-  
Lambert law was used.





-  absorbancy  
= e x t in c t io n  c o e f f i c i e n t  
= co n ce n tra t io n  in m o le s /  
l i t e r
= p ath  length  in  cm
The e x t in c t io n  c o e f f i c i e n t s  for  th e  benzene in  the 
m ic e l l e s  were not a v a i la b le .  They were ob ta ined  by
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determ ining the  amount o f  s o lu b i l i z e d  benzene in  the  
s o lu t io n  by another tech n iq u e, measuring th e  absorbancy  
o f the s o lu t io n  and back c a lc u la t in g  the e x t in c t io n  
c o e f f i c i e n t s  w ith  the Beer-Lambert Law.
The e x tr a c t io n  method used by Venable and B rash ier  
was the a l t e r n a te  technique u t i l i z e d  to determ ine th e  
benzene co n c e n tr a t io n . One to three  m i l l i l i t e r s  o f  
b en zen e-d etergen t s o lu t io n  was added to  known volumes 
of cyclohexane. These m ixtures were then shaken fo r  
Ij. to 6 hours. The absorbancy o f  the cyclohexane la y e r  
was determined by means of a Cary 15> sp ectrophotom eter .  
The amount of benzene was determined from c a l ib r a t io n  
curves th a t  had been ob ta ined . The absorbancy o f  the  
same b en zen e-d etergen t s o lu t io n s  which were analyzed by 
the e x tr a c t io n  technique was determ ined. The e x t in c t io n  
c o e f f i c i e n t s  o f  the m ice lla r -b en zen e  were then c a lc u la te d  
with the Beer-Lambert Law.
CHAPTER I I I
DATA AND DISCUSSION OF RESULTS
A. S urface  Tension
The su rface  te n s io n  data are p lo t t e d  in  the  
manner d iscu sse d  p r e v io u s ly ,  i .  e . ,  the su rfa ce  te n s io n  
versus the logarithm  o f  the co n ce n tra t io n . Some c f  the  
curves show sm all minima a t  the cmc which in d ic a te  
sm all amounts of im p u r i t ie s .  F igure 1 shows curves fo r  
d e c y l tr im e th y l ,  t r i e t h y l ,  t r ip r o p y l  and tr ib u ty 'l  
ammonium brom ides. The su r fa ce  areas and the cmc's 
obtained  from th ese  p lo t s  are g iven  in  Table I .
The cmc o f  the DTPAB appears to  be in  error  
s in c e  i t  f a l l s  below th a t  o f  DTBAB. The hump in  the 
DTPAB curve in d ic a te s  some i r r e g u la r i t y  in  the data;  
however, the head s i z e  parameter fo r  DTPAB f i t s  n i c e l y  
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TABLE I
SUMMARY OP RESULTS FROM SURFACE TENSION MEASUREMENTS 
ON DECYL AND DODECYL SALTS
Compound
cmc in  m o le s / l i t e r  
x 102
A rea/M olecule  
in  sq . A
DTMAB 5 .o 6^
DTEAB 2 .0 89
DTPAB 1 .0 107
DTBAB 1 .8 343
. DDTMAB 1 .3 60
DDTPAB 0.37 63
35
The su r fa c e  areas are c o n s is ta n t  w ith  the v a lu es  
obta ined  by B rash ier  and Venable. The d e c y ltr im e th y l  
cmc i s  2$ lower than th e  l i t e r a t u r e  v a lu e s .
F igu re  2 g iv e s  d od ecy ltr im eth y l and t r i e t h y l  
ammonium bromide p l o t s .  The s i z e  parameters and cmc's 
are a ls o  ta b u la ted  in  Table I .
A l l  the data  p o in ts  were time dependent. This 
dependence has been p o in ted  out b e fo re  by Venable and 
numerous other in v e s t ig a t o r s .  The v a lu es  obtained  for  
the f i r s t  readings a f t e r  3-5  minutes o f  e q u i l ib r a t io n  
were used to  p lo t  th e  cu rves, s in c e  the s u r fa c ta n ts  
should have d i f f u s e d  from the bulk  in  t h i s  t im e . The 
change in  the su r fa ce  te n s io n  was a t tr ib u te d  to  the  
slower d i f f u s io n  of the im p u r it ie s  to  the s u r fa c e .
F igure 3 i l l u s t r a t e s  the l in e a r  r e la t io n s h ip  
between the su rfa ce  area  and the square of the number 
of methylene groups f o r  the d e c y l  s a l t s .  This was f i r s t  
observed by B r a s h ie r .1
B . Absorbancy R esu lts
The g en era l character  o f  the r e s u l t s  w i l l  be 
d isc u sse d  in  t h i s  s e c t i o n .  The cmc's w ith  s o l u b i l i z a t e
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and the s o lu b i l i z i n g  powers o f  the d e te r g e n ts  w i l l  be  
covered in  the fo l lo w in g  s e c t io n .
Table I I  shows the w avelength  o f  the ab sorp tion  
peak of benzene fo r  e ig h t  d e terg en t  s o lu t io n s  a t  th ree  
d i f f e r e n t  c o n c e n tr a t io n s .  The p a r t ic u la r  co n ce n tra t io n s  
are not g iv en  in  the t a b le .  For each one o f  the d e terg e n ts  
the f i r s t  value in  the ta b le  i s  fo r  a s o lu t io n  ju s t  
above the cmc and the other two are those  fo r  more 
concentrated  s o lu t io n s .  The wavelength In w ater i s  a l s o  
in clud ed  to  i l l u s t r a t e  the s h i f t s  in  the benzene s p e c tr a .
Table I I I  in c lu d es  the peak to v a l l e y  r a t io  f o r  
benzene in  s i x  d e te r g e n ts ,  fo r  benzene in  water and fo r  
b en zen e-d etergen t s o lu t io n s  that were compared w ith  a 
pure water r e fe r e n c e .  The ta b le  g iv e s  r a t io s  a t  d i f f e r e n t  
d eterg en t  co n cen tra tio n s  w ith  the d i l u t e  s o lu t io n s  appear­
ing  on the l e f t  and the more con centrated  ones on the  
r i g h t .  Again the co n cen tra t io n s  are not g iv e n  because the 
o n ly  r e a l  i n t e r e s t  was to determine i f  the v a lu es  were 
co n sta n t  over con cen tra tio n s  ranging from th ose  near the  
cmc to those  of con centrated  s o lu t io n s .
C onsidering the con stan t value fo r  the w avelength  
o f  the m ic e l la r  benzene ab sorption  peak and the approx­
im a te ly  constant peak to v a l l e y  r a t i o ,  one can assume that  
there was complete su b tr a c t io n  of the aqueous benzene
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TABLE I I
WAVELENGTH OF MAXIMUM ABSORPTION PEAK FOR 
MICELLAR BENZENE
Wavelength o f  Maximum A bsorption Peak in
Angstroms
D etergen t Approximate D etergen t C oncentrations
Benzene
S o lu b i l i z e d  Just above the In term ed iate  G reater than two 
in  cmc times cmc
DTMAB 2547 2547 2547
DTEAB 2547 2548 2547
DDTMAB 25Li.6 2547 2547
DDTEAB 2547 2548 2547
DDTPAB 2547 2547 2548
TTMAB 2546 2548 2547
TTEAB 2547 2547 2548
TTPAB 2548 2547 2547
h2o 2535
TABLE I I I
PEAK TO VALLEY RATIO FOR THE MAXIMUM ABSORPTION
PEAK OF BENZENE
Peak to V a l le y  Ratio
D etergent Approximate D etergent C oncentrations
Benzene
S o lu b i l i z e d  Just above the 
in  cmc
DTMAB 3 .0 9
DDTEAB 3 .80
DDTMAB 3 .0 0
TTMAB 3 .0 5
TTPAB 3.06
TTPAB ( s a l t )
In term ed ia te  G reater than 
two tim es cmc
3 .16 3-01 3 .20
3 . 2k 3 .2 9 3 .29
2 . 9ip 3 .1 8 3 .1 2
3 .2 1 3 .2 5 3 .3 8
3 .0 0 3 .1 2
3 .19 3-26 3 .30
ill
a b so rp tio n . The s o l u b i l i t y  o f  th e  benzene in  the non-  
ra ice lla r  aqueous phases th a t  are e q u i l ib r a te d  w ith  a l l  the  
various m ic e l la r  phases of a l l  the d e terg e n t  co n cen tra tio n  
th a t  were s tu d ied  remains con stan t w ith in  the + 2% the  
p r e c is io n  of the method.
C. C r i t i c a l  M ic e l le  C oncentration  in  Presence o f  Benzene
The absorbance of the m ic e l la r  benzene was p lo t t e d  
versu s d eterg en t  co n cen tra tio n  fo r  the v a r io u s  quaternary  
ammonium s a l t s .  The in t e r s e c t io n  o f  th e se  curves w ith  the  
a b s c is s a  g iv e s  the cmc o f  the d eterg en t  sa tu ra ted  w ith  
benzene. F igure ij. shows the absorbancy r e s u l t s  obta in ed  
from detergent s o lu t io n s  w ith  and w ithout added s a l t .  
Figure 5 shows the absorbancy r e s u l t s  from the dodecyl  
d eterg en ts  in  pure water and F igu re 6 shows them from  
s a l t  s o lu t io n s .  F igure 7 shows the r e s u l t s  from the  
te tr a d e c y l  d etergen t s o lu t io n s .
An em p ir ica l r e la t io n s h ip  s im i la r  to  the one 
r e la t in g  logarithm  cmc to the hydrophobic chain le n g th  
is  obtained  fo r  the d e c y l ,  dodecyl and t e t r a d e c y l  
tr im eth y l s a l t s  in  the p resen ce  of benzene and i s  shown 
in  F igu re  8. A ls o ,  i f  the lo g  cmc1s of d ec y l  and dodecyl  
t r i e t h y l  are p lo t t e d ,  a s t r a ig h t  l i n e  p a r a l l e l  to those  
o f  the tr im eth y l r e s u l t s .
Table IV con ta in s  the cmc' s for  the d e te r g e n t-
TABLE IV
CRITICAL MICELLE CONCENTRATIONS 
IN THE PRESENCE OF BENZENE FOR DECYL-, 
DODECYL- AND TETRADECYLAMMONIUM SALTS
pcmc in  m oles per l i t e r  x  10
in  0 .0 5
Compounds in  water N NaBr S o lu t io n
DTMAB k - 5 3 . 0
DTEAB 3 .7 2 . 7
DDTMAB 1 .0 0 . 3 5
DDTEAB 0 .9 2 0 . 3 0
DDTPAB 0 . 6I4. 0 .2 6























C oncentration  o f  D etergent in  xnoles per l i t e r  x  10'
F igure 1| Absorbancy o f  M ice lla r  Benzene v s .






















C oncentration of D etergent in  moles per l i t e r  x 10^
F igu re  5?. Absorbancy o f  M ice lla r  Benzene v s .






















P jP S rn k B rz :
Concentration o f  D etergent in  m oles per l i t e r  x  10
F igure  6 Absorbancy o f  M ice lla r  Benzene vs .

















O  :TTMAB I 'I "
 TTBABjK -
n _ _ j ^ M A c - 4 - i 4I I ’ ! ■ l » ! ’
Concentration o f  D etergent in  moles per l i t e r  x 10^
Figure 7 Absorbancy of M ic e l la r  Benzene v s .
C oncentration of D etergent f o r  T etrad ecy l  














t t T-ri-m$- 
TTflifi Ben; ene
10 12 H4.
Humber o f Carbons in  Hydrophobic T a il
F igure 8 Log cmc in  th e  p resence o f Benzene v s .  the
Number o f Carbon Atoms in  the Hydrophobic T a il
1*0
benzene a g g re g a te s .  The cmc's in  th e  p resen ce  o f  benzene  
are lower than those  obtained from s o lu t io n s  o f  th e  pure 
d eterg en ts  in  the case  o f  the tr im eth y l s e r i e s ;  however, 
th e  rev erse  i s  true f o r  the t r i e t h y l s .  No s u i t a b le  
exp lan ation  fo r  t h is  r e v e r s a l  has been found. One would 
expect the cmc to  be reduced in  the p resen ce of s o l u b i l -  
i z a t e  due to  the decrease  in  f r e e  energy o f  the d e te r g e n t  
when i t  mixes w ith  the benzene in  the m ic e l la r  phase.
D. S o lu b i l i z a t io n  R esu lts
F igure 9 shows the experim ental curves fo r  the  
s o lu b i l i z a t i o n  of benzene by d ecy l d e terg en t  s o lu t io n s  
w ith and w ithout added s a l t .  The s o lu b i l i z i n g  power fo r  
the decyltrimethylammonium bromide and d e c y l t r i e t h y l - 
ammonium bromide in  pure water are approxim ately the same. 
The s o l u b i l i z in g  powers of a l l  the d e te r g e n ts  th a t  were 
stu d ied  are p resen ted  in  Table V. The u sual in c r e a se s  
in  the s o l u b i l i z in g  power in  the presence o f  0 .0 5  N NaBr 
were observed. The in crea se  fo r  the DTEAB i s  however, 
sm aller  than that exp ected .
F igure 10 shows the experim ental curves fo r  the 
s o lu b i l i z in g  power o f  the dodecyl d e terg e n ts  in  pure 
w ater. The s o lu b i l i z i n g  powers' fo r  d o d e c y ltr im eth y l-  
ammonium bromide, dodecyltriethylammonium bromide and 
dodecyltripropylammonium bromide are approxim ately the
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TABLE V
SOLUBILIZATION RESULTS FOR. DECYL, DODECYL AND TETRADECYL 
DETERGENTS IN WATER AND 0 .0 5 .N NaBr SOLUTIONS
S o lu b i l i z in g  Power o f  the D etergen ts  
Expressed as Moles M ice l la r  Benzene 
per Mole M ice lla r  D etergen t .
Compound Water 0 .0 5  N NaBr
DTMAB 0 . 9 6 1-1*4
DTEAB 0 . 9 0 1 . 0 6
DDTMAB 1.7 5 2 .9 0
DDTEAB 1 .5 S 1 .7 6
DDTPAB 1.88 4 -4 0
TTMAB 2 .2 5
TTMAC 1 .5 5
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same. The con stan t v a lu es  o f  the s o l i b i l i z i n g  power fo r  
th e  d e c y l  and dodecyl d e terg en t  agrees w ith  th e  r e s u l t s  
of B rash ier  on the te tr a d e c y l  and hexadecyl d e te r g e n t s .
F igure 11 shows the experim ental curves fo r  the 
s o l u b i l i z a t i o n  of benzene by dodecyl d e terg e n ts  in  s a l t  
s o lu t io n s .  The s o l u b i l i z in g  power f o r  the DDTMAB and 
DDTPAB showed the*usual la r g e  in c r e a s e s  over th o se  
obtained  from pure aqueous s o lu t io n s ;  however, the DDTEAB 
r e s u l t s  appeared to be low. This sm all in c r e a se  o f  
s o l u b i l i z i n g  power fo r  the t r i e t h y l  d e terg en ts  was 
s im i la r  to the r e s u l t  obtained  from the d ecy l d e te r g e n t .
F igure  12 shows the experim ental curves f o r  the 
s o l u b i l i z a t i o n  o f  benzene by the t e tr a d e c y l  d e terg e n ts  
that were s tu d ie d .  The s o lu b i l i z in g  power fo r  t e t r a -  
decyltrimethylammonium bromide agreed with the value  
obtained  by B r a sh ier . The s o l u b i l i z i n g  power o f  t e t r a ­
d ecy l tr im eth y l ammonium ch lo r id e  was much lower than th a t  
expected; the on ly  d i f f e r e n c e  between these  two d e t e r ­
gen ts  i s  the gegen ion . Further s t u d ie s  on the e f f e c t  
of gegenion on the s o lu b i l i z i n g  power were i n i t i a t e d  in  
t h i s  la b o ra to ry  by John Brown and are being  continued  a t  
Denison U n iv e r s i ty .  The s o lu b i l i z i n g  power o f  t e t r a ­
ds cyltripropylammonium bromide in  0 .0 5  N NaBr showed the  
expected  in c r e a s e .
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d i f f e r e n t  d e ter g e n ts  were determined and are g iv e n  in  
Table VI. The average va lu e  fo r  the d i f f e r e n t  d e t e r ­
g en ts  was 188 l i t e r / m o l e  cm.
E. S p e c tr a l  S h i f t s  R e su lts
The ab sorp tion  sp ec tr a  o f  benzene were determined  
in  the ca ses  o f  s o lu t io n s  in  w ater , nonane cyclohexan e,  
m ethyl a lc o h o l ,  chloroform  and the d e terg en t-w a ter  mix­
tu r e s .  These sp ec tr a  are p resen ted  on F igure 13. A l l  
th e  above sp ec tra  were obtained  with s o lv e n t  re fe r e n c e s  
except in  the case  o f  the b en zen e-w a ter-d e terg en t  systems. 
As s ta te d  b e fo r e ,  the  r e fe r e n c e  s o lu t io n  in  those  cases  
was water sa tu ra ted  w ith  benzene. Only one d e terg e n t  
system  at one co n cen tra t io n  i s  rep resen ted  in  the F igure  
13. A l l  the primary maxima fo r  a l l  the d e terg en t  systems, 
however, f e l l  w ith in  1 S of 2547 In a l l  ca ses  on ly  
the peak o f  maximum benzene ab sorp tion  w i l l  be considered .
The w avelength fo r  the maximum ab sorp tion  peak 
of benzene i s  2535 A in  w ater , 254& A in  nonane and 
cyc lohexane, 2547 A in  the m ic e l l e  and 2552 1 in  c h lo r o ­
form. The p o s i t io n s  c e r t a in ly  in d ic a te d  th a t  the benzene  
m olecule i s  lo c a te d  in  the organic core o f  the m i c e l l e .
Bromobenzene sp ec tr a  in  water and in  m ic e l le s  are 
shown in  F igure 1 4 . Nothing new i s  learn ed  because the  
s h i f t s  in  the sp ec tr a  are s im i la r  to  th o se  o f  benzene.
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TABLE V I
EXTINCTION COEFFICIENTS FOR MICELLAR BENZENE 
IN DECYL, DODECYL AND TETRADECYL QUATERNARY SALTS
S a lt
E x t in c t io n  C o e f f ic e n t  
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Figure Ilf Bromobenzene S p ectra  in  D etergent and in  
Water
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I t  was hoped th a t  the d ipo lar  nature o f  th e  absorbing  
p a r t i c l e  would cause the s h i f t s  to be much la r g e r .
p .  D is t r ib u t io n  of D etergents between Benzene and 
Aqueous S o lu t io n s
The s o lu b i l i z a t i o n  r e s u l t s  obtained  by B rash ier  
fo r  tetradecyltributylam m onium  bromide in  pure water and 
hexadecyltripropylammonium bromide in  0 .05  N NaBr were 
q u ite  unusual. In both cases  i t  was found th a t  no benzene  
was s o lu b i l i z e d ;  however, both th e se  compounds had p ro­
p e r t i e s  (su r fa c e  a c t i v i t y ,  cmc’s and la r g e  m olecu lar  
w eig h ts)  s im i la r  to those o f  the o ther d e te r g e n ts  
w ith  sm aller  head s i z e s .
The s o lu b i l i z a t i o n  experiments were a l l  performed  
in  a s im ila r  fa sh io n  which has been d escr ib ed  p r e v io u s ly .  
In a l l  c a s e s  a sm all excess  of benzene i s  added to the  
d eterg en t  s o lu t io n s .  I t  has always been con sid ered  that  
the chem ical p o t e n t ia l  o f  the benzene In the pure benzene  
phase has remained constant and that the d e ter g e n t  was 
in s o lu b le  in  the benzene. I f ,  however, in  the case o f  the  
d e terg e n ts  w ith  the more organic ch a ra c te r , t h e ir  s o lu ­
b i l i t y  in  the benzene was enhanced, the above anomaly 
could be ex p la in ed .
The  f o l l o w i n g  I n f o r m a t i o n  g i v e n  i n  T a b l e  V I I
s u b s t a n t i a t e s  t h i s  b e l i e f ,  and i t  a l s o  v a l i d a t e s  a l l  t h e
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TABLE V I I
DISTRIBUTION OP QUATERNARY SALTS BETWEEN WATER AND BENZENE 
EXPRESSED AS GRAMS OP DETERGENT PER GRAM OP BENZENE TO 
GRAMS OP DETERGENT PER GRAM OP WATER
Hydrophobic
Chain Trim ethyl
H ydrop hilic  Head 
T r ie th y l  T ripropyl T r ib u ty l
D ecyl 0
Dodecyl 0





other s o l u b i l i z a t i o n  work done in  t h i s  la b o ra to r y .
The tr im eth y l and t r i e t h y l  d e te r g e n ts  were com­
p l e t e l y  in s o lu b le  in  benzene, and the  tr ip r o p y l  
d e te rg e n ts  were ju s t  b a r e ly  p a r t i t io n e d  between the  two 
p h a se s .  The t r ib u t y l  d e te r g e n t ,  however, was q u ite  
so lu b le  in  the benzene, thus the chem ical p o t e n t ia l  of 
the benzene was reduced. The p a r t i t i o n in g  was n o t  
determined in  th e  presence o f  s a l t  so h e x a d e c y ltr ip r o p y l-  
aramonium bromide might a lso  be more s o lu b le  in  the  
benzene in  the presence o f  extraneous s a l t .
CHAPTER IV
SUMMARY AND CONCLUSIONS
Two s e r i e s  o f  quaternary s a l t s  were prepared  
in  order to study  the aggregation  and s o l u b i l i z a t i o n  
p r o p e r t ie s  as both the hydrophobic t a i l  and th e  hydro­
p h i l i c  head s i z e s  were changed. D i f f i c u l t i e s  in  
p u r i f i c a t io n  o f  th ese  substan ces made i t  n ece ssa r y  to  
use s l i g h t l y  impure compounds. The cmc's obtained  by 
the a n a ly s i s  o f  su r fa ce  te n s io n  d a ta  were a l l  low and 
the head s i z e  parameters appeared a l i t t l e  la r g e  in  
comparison w ith  p rev iou s v a lu es  ob ta ined  in  t h i s  
la b o ra to r y .  The l in e a r  r e la t io n s h ip  between the  head 
s i z e  parameter and the square of the number o f  carbon  
atoms in  the sh o rt  a lk y l  chains was reconfirm ed.
A new spectrophotom etric  techn ique for  determ in ing  
the m ic e l la r  benzene was d e v ise d . This technique made i t  




presence of benzene. With t h i s  in form ation , the s o lu ­
b i l i z i n g  power could be c a lc u la te d  f o r  the d i f f e r e n t  
d eterg en t  s o lu t io n s .
The absorption  spectrum of  benzene was obtained  
in  organic s o lv e n t s  and in  the m ic e l l e .  The s h i f t s  o f  
the absorption  peaks in d ic a te d  th a t  the benzene was in  
the organic in t e r i o r .
The fo l lo w in g  model i s  proposed to  e x p la in  the  
data Of the author and p rev iou s workers in  t h i s  la b o ra ­
to r y ,  Venable and B ra sh ier . I t  has the same gross  s t r u c ­
tu r a l  arrangement as th a t  d escr ib ed  p r e v io u s ly .  The 
h y d ro p h ilic  part i s  the su r fa c e  la y e r  o f  the aggregate  
and the hydrophobic p o rt io n  i s  d iv id ed  between the s u r ­
fa c e  la y e r  and the l iq u id  organic c o r e .  This aggregate  
i s  p ic tu red  as having a la r g e  amount o f  water around the  
io n ic  group and t h i s  water extends down in to  the m ic e l le  
so th a t  the f i r s t  f i v e  to  s i x  methylene groups are i n ­
e f f e c t i v e  as s o l u b i l i z i n g  groups in  the l iq u id  core .
Now th is  model must be t e s te d  to  see i f  i t  can 
exp la in  the data and i f  i t  i s  consisbent w ith modern 
v iew s . The depth of p en e tra t io n  might seem too  deep 
because i f  t h i s  p e n e tr a t io n  e x i s t s ,  one would not exp ect  
d eterg en t  m olecu les o f  chain  length  s i x  to f i v e  to 
condense in  la r g e  a g g re g a te s .  This i s  e x a c t ly  the c a s e .
6  k -
M ic e l l i z a t io n  u s u a l ly  occurs in  su bstan ces when the 
hydrophobic ch a in  con ta ins  more than f i v e  to  s i x  carbon 
atoms. For substan ces w ith  sh o rter  chains d im eriza tio n  
and tr im e r iz a t io n  and f i n a l l y  phase sep ara tion  occur,  
but the la r g e  s ta b le  m ic e l le s  do n ot form.
W.L. Courcheene, Proctor and Gam ble,presented data  
a t  a seminar a t  Louisiana S ta te  U n iv e r s i ty  in  1962 th a t  
went even f a r th e r  than t h i s .  He s ta te d  that the water  
p en etra ted  t o  w ith in  the l a s t  fo u r  carbon atoms in  
th e  hydrophobic chain . He l a t e r  p resen ted  d i f f u s io n ,  
sed im entation  and v i s c o s i t y  data  that confirmed the  
e x is te n c e  o f  a la r g e  amount o f  water in  the m i c e l l e .
In the in tr o d u ct io n  the d i f f e r e n t  m echanical and 
s t a t i s t i c a l  mechanical d e s c r ip t io n s  o f  th e se  aggregates  
were g iv e n . I t  was shown then th a t  the s t a b i l i t y  o f  the 
m ic e l l e  can be exp la ined  by the counterbalancing  of the  
r e p u ls iv e  e l e c t r o s t a t i c  fo rce s  and the hydrophobic 
bonding f o r c e s .  In the most recen t attempt by Scheraga, 
the e n t ir e  hydrophobic phase was not included  in  the  
bonding in  th e  center o f  the  m i c e l l e .  In s te a d ,  he I n tr o ­
duced a parameter to in c lu d e  some o f  the hydrophobic 
t a i l  in  the s u r fa c e .  One can see th a t  th is  has e x a c t ly  
the same e f f e c t  as in trodu cing  water around the f i r s t  
s i x  methylene groups of the monomer in  the ag g reg a te .
65
This e x c lu s io n  o f  a c e r ta in  co n sta n t  number o f  
methylene groups from the organ ic  core fo r  a d e terg en t  
m olecule does not in v a l id a te  the prev ious em p ir ica l  
r e la t io n s h ip
lo g  cmc = A -  Bm.
For the d e c y l ,  d od ecy l, t e t r a d e c y l  and hexadecyl  
quaternary ammonium brom ides, the s o l u b i l i z a t i o n  power 
was seen  to  in c r e a se  w ith  in creased  chain le n g th .  This  
e f f e c t  was expected  and has been observed in  o ther  
d eterg en t  s e r i e s .  I t  should be remembered that the chem­
i c a l  p o t e n t ia l  o f  the benzene in  th e  m ic e l le  i s  
c o n tr o l le d  by the pure benzene in  eq u ilib r iu m  w ith  the  
s o lu t io n ;  th e r e fo r e ,  the a c t i v i t y  o f  the benzene in  
the m ic e l la r  phase i s  co n sta n t .
I f  the m ic e l le s  are s p h e r ic a l  in  shape w ith  a 
uniform su rface  la y e r ,  i t  appears that the organ ic  core  
of substan ces d i f f e r in g  on ly  in  chain  le n g th  should  
have s im ila r  p r o p e r t ie s .  The d i f f e r e n c e  in  s o l u b i l i z i n g  
power w i l l  ju s t  depend, th e r e fo r e ,  on the d i f f e r e n c e  
in  the t o t a l  number o f  methylene groups in  the organ ic  
co re . The r a t io  o f  the m ic e l la r  benzene to the 
methylene groups in  the core was c a lc u la te d  for  the 
above s e r i e s .  I t  was found th a t  the minimum average 
d e v ia t io n  fo r  t h i s  r a t io  in  th e  s e r i e s  occurred  
when s i x  or seven carbon atoms were su b stra cted
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from the hydrophobic cha in .
Above i t  was s t a te d  that the i n t e r io r s  o f  th e se  
m ic e l le s  were s im i la r  to  the s o l u b i l i z e d  m a te r ia l ,  a 
con clu sion  which appears to be v e r i f i e d  by the constancy  
of wavelength o f  the ab sorption  maxima and the co n sta n t  
value fo r  the e x t in c t io n  c o e f f i c i e n t .  These con stan t  
v a lu es  can not be a t tr ib u te d  to  the presence of sm all  
pure benzene d ro p le ts  in  the in t e r io r  o f  the m ic e l le  
because the same maximum was obtained  fo r  a d i lu t e  
benzene s o lu t io n  in  xjhich there was on ly  one benzene  
m olecule per m ic e l l e .
The s o l u b i l i z a t i o n  work in  th is  la b o ra to ry  has 
shown th a t  the s o lu b i l i z in g  power o f  a p a r t ic u la r  chain  
le n g th  does not appear to depend upon the head s i z e .
This i s  c o n s is t e n t  w ith  the r e s u l t s  p r e d ic te d  by the  
model because the s t e r i c  importance o f  the  bulky head  
w i l l  be d im inished by the a d d it io n a l  water and s ix  
carbon atoms a t ta c h in g  the head to the organic c o r e .
The s o lu b i l i z in g  power in c r e a se s  g r e a t ly  as the  
s a l t  con cen tra tion  i s  r a is e d .  This again  i s  an o b v i­
ou sly  complex p r o c e ss .  A few changes in  the  s o lu t io n  
should be con sid ered . (a) The in te r n a l  pressure  
in c r e a s e s ,  (b) Hydrophobic bonding in c r e a s e s ,  (c) The 
double la y e r  or charge d i s t r ib u t io n  around the aggregate
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c o l l a p s e s .  (d) The a c t i v i t y  o f  the water d e c r e a se s .
A l l  th e se  e f f e c t s  should cause the  w ater to le a v e  the  
in t e r i o r  o f  th e  m ic e l l e ;  th e r e fo r e ,  the number of  
m ethylene groups in  the l iq u id  core i s  in cr ea se d  and more 
m a te r ia l  can be s o l u b i l i z e d .  I f  enough o f  the  water  
were removed and the e f f e c t i v e  charge on the monomers 
were reduced, the head s i z e  might p la y  an important part  
in  determ ining the s o l u b i l i z i n g  power. This was found 
to  be the ca se  fo r  the TTEAB. For the d o d e c y ls , however, 
there was a d ecrease  in  s o l u b i l i z i n g  power from the m ethyl 
to e t h y l  and then a s i z a b le  in c r e a se  fo r  the p ro p y l.
The same d ecrea se  was found fo r  the d e c y l  m ethyl to  e t h y l .  
I f  the s o l u b i l i z a t i o n  changes go in g  from e th y l  to  propyl  
and m ethyl to  propyl are co n s id ered , th e  trends p r e ­
d ic t e d  by the model are c o r r e c t .  T h is ,  however, I s  n ot  
the case  in  going from m ethyl to  e t h y l .  At t h i s  t im e,  
more s o l u b i l i z a t i o n  r e s u l t s  in  the p resen ce  o f  s a l t  are 
needed.
The in form ation  that i s  r e a l l y  needed Is the  
m ic e l la r  w e ig h ts  fo r  the mixed a g g r e g a te s .  Some work 
has been done on t h i s  su b je c t  in  the la b o ra to ry  by Earl  
Py© •
APPENDIX
A* Ag-Ag H alide E lectrod e
Light s c a t t e r in g  s tudies o f  d etergent s o lu t io n s
in  th e  presence o f  extraneous s a l t  have been conducted
in  t h i s  la b o ra to ry  to determine th e  m olecular w eight
o f  the m ic e l l e s .  Numerous in v e s t ig a t o r s  have presen ted
ex p ress io n s  w ith  which the  m olecular w eigh ts  of th e se
m ic e l le s  are c a lc u la te d .  A r e c e n t  paper by Overbeek 
1
and V r ij  p o in ted  out th a t  one should o b ta in  the  
d i f f e r e n t i a l  r e f r a c t iv e  index f o r  s o lu t io n s  a t  Donnan 
eq u ilib r iu m  rath er  than fo r  s o lu t io n s  a t  equal s a l t  
c o n cen tra tio n .
D i f f e r e n t i a l  re fr a c to m e te r  measurements were 
attempted under th ese  eq u ilib r iu m  c o n d it io n s .  The
■**J. Th. G-. Overbeek and A. V r i j ,  J . C o llo id  
S c ie n c e ,  XVII (1 9 6 2 ),  570. “
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s o lu t io n  co n ta in in g  the d etergen t and s a l t  was p laced  
in  a v e s s e l  which was in  con tact w ith  a s o lu t io n  co n ta in ­
ing on ly  s a l t .  These s o lu t io n s  were separated  by an 
in e r t  v is k in g  membrane. The s a l t  s o lu t io n  co n cen tra t io n  
could be v a r ie d .  The change in  emf between the two 
Ag-AgBr e le c tr o d e s  in s e r te d  in  th e  s o lu t io n s  was 
measured by means of a p o ten tio m eter . The r e s u l t s  th a t  
were obtained  were not s a t i s f a c t o r y  and t h i s  p r o je c t  
was abandoned.
The e le c tr o d e s  were p a r t i c u la r ly  s a t i s f y i n g ;  
co n seq u en tly , a short d e s c r ip t io n  of th e  technique used  
to prepare the e le c tr o d e s  fo l lo w s .
B. P reparation  of E lectro d es
This in form ation  i s  includ ed  to a s s i s t  persons  
who re q u ir e  m ech an ica lly  and e l e c t r i c a l l y  s t a b le  Ag-Ag 
h a l id e  e le c tr o d e s  th at have very  sm all asymmetric 
p o t e n t i a l s . This technique i s  not th a t  o f  the author 
but r e s u l t s  from the combined e f f o r t s  o f  many experimenters 
and experim ents a t  S h e l l  Development Company, Houston.
One should use s o f t  g la s s  because i t  has the same 
thermal expansion c o e f f i c i e n t  as th a t  o f  p latinum  and 
th e r e fo r e  no m echanical s t r a in  w i l l  be introduced as the  
temperature is  v a r ie d . Platinum w ire i s  s e a le d  in  a
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g la s s  tube and th e  wire i s  wrapped around the end o f  the  
g la s s  tube two or th r ee  t im es . The e le c tr o d e  i s  p laced  
in  an annealin g  oven. The temperature i s  ad ju sted  so 
th a t  the g la s s  w i l l  flow  around the w ire and g iv e  the  
e le c tr o d e  m echanical s t a b i l i t y .
The end of the e le c tr o d e  i s  then covered w ith  
pure Ag^O and i s  p laced  in  a furnace at lj.00oC. The 
Ag20 w i l l  decompose le a v in g  a s i l v e r  m atrix  in  in t im a te  
co n ta ct  w ith  the platinum  w ire . N ext, the e le c tr o d e  i s  
anodized in  a 0 .0 5  N NaBr s o lu t io n  w ith  a low current  
d e n s i t y  o f  ip-6 m illiam p eres per square ce n tim eter .
The e le c tr o d e s  should then be aged in  a d i l u t e  
h a l id e  s o lu t io n  and then r in se d  and sto re d  in  d i s t i l l e d  
w ater . These e le c tr o d e s  w i l l  have an asymmetry 
p o t e n t ia l  o f  the order o f  0 .01  - 0 .0 2  mv. They w i l l  
have rapid e q u i l ib r a t io n  tim es i f  the Ag£0 la y e r  was 
not too t h ic k .  They w i l l  be q u ite  s ta b le  m ech a n ica lly .
C. R a d io iso to p ic  S tu d ie s
In t h i s  la b o r a to r y , s o l u b i l i z a t i o n  l i m i t s  have 
been measured by e x tr a c t in g  the s o l u b i l i z a t e s  w ith  
cyclohexane and determ ining the amount of m a te r ia l  by 
u. v .  a b so rp tio n , by observing  w ith  the d i f f e r e n t i a l  
re fractom eter  the abrupt change in  the index  o f  r e fr a c t io n
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th a t  r e s u l t s  from adding increm ents o f  s o l u b i l i z a t e  and 
by d i r e c t  determ ination  o f  the u . v .  ab sorption  o f  the 
aqueous d e te r g e n t .  The two u . v .  ab sorp tion  t e c h n i ­
ques are o b v io u s ly  l im ite d  to those compounds th a t  
absorb in  a convenient reg io n . The r e f r a c t iv e  index  
technique i s  reason ab ly  accurate and does not have the  
p rev iou s l im i t a t i o n ,  but i t  i s  t e d io u s .  Each d e t e r ­
m ination  re q u ir es  s i x  or more measurements in  order to  
i d e n t i f y  the s o lu b i l i z a t i o n  l i m i t .
In order to stu d y  p a r a f f in  hydrocarbons the in dex  
of r e f r a c t io n  technique or some other procedure would 
have to be u sed . I t  was decided to in v e s t ig a t e  the 
p o s s i b i l i t y  o f  u sin g  r a d io is o to p e s .
I t  was found th a t  th is  technique would be q u ite  
s a t i s f a c t o r y  fo r  these  problems. The u su a l l iq u id  
s c i n t i l l a t o r s  were u sed , PPO and POPOP. The s o lu t io n  
was composed o f  158 m l. x y le n e , 71 ml. e th y l  a lc o h o l ,
1.11; grams PPO and 11 mg. POPOP„ *
Two ten th s  o f  a m i l l i l i t e r  of aqueous s o lu t io n  
can be d is s o lv e d  in  15 m i l l i l i t e r s  of t h i s  m ixture  
w ithout phase se p a r a t io n . This was the s i z e  sample used  
in  the l iq u id  s c i n t i l l a t o r .  This sm all aqueous sample 
p resen ted  the  problem that a very  low r a d i o a c t i v i t y  
e x is t e d  in  the cases  o f  the d i lu t e  s o lu t io n s .  For the
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d i lu t e  s o lu t io n s ,  however, more aqueous s o lu t io n  could  
be added and the s o lu b i l i z e d  m a te r ia l could  be e x tr a c te d  
in to  the x y len e  a lc o h o l  phase . The sm all amount o f  
aqueous phase would not a f f e c t  the geometry o f  the  
em itt in g  s o lu t io n .
Aqueous s o lu t io n s  o f  tagged b en zo ic  a c id  were 
prepared and the above technique was used. The counts  
were recorded and the technique proved to be q u ite  
s a t i s f a c t o r y  fo r  our purposes.
S ince  in  the a u th o r 's  s t u d ie s ,  rep orted  h e r e in ,  
benzene was used e x c lu s iv e l y ,  i t  was not n e c e ssa r y  to 
use the r a d io tr a c e r  tech n iq u e .
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